In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in actively growing organs, under short-(6 h) and long-(2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd, through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach, respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase, was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin. Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Introduction
In the Mediterranean coastal ecosystem, the endemic seagrass Posidonia oceanica (L.) Delile plays a relevant role by ensuring primary production, water oxygenation and provides niches for some animals, besides counteracting coastal erosion through its widespread meadows (Ott, 1980; Piazzi et al., 1999; Alcoverro et al., 2001) . There is also considerable evidence that P. oceanica plants are able to absorb and accumulate metals from sediments (Sanchiz et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus influencing metal bioavailability in the marine ecosystem. For this reason, this seagrass is widely considered to be a metal bioindicator species (Maserti et al., 1988; Pergent et al., 1995; Lafabrie et al., 2007) . Cd is one of most widespread heavy metals in both terrestrial and marine environments.
Although not essential for plant growth, in terrestrial plants, Cd is readily absorbed by roots and translocated into aerial organs while, in acquatic plants, it is directly taken up by leaves. In plants, Cd absorption induces complex changes at the genetic, biochemical and physiological levels which ultimately account for its toxicity (Valle and Ulmer, 1972; Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005; Weber et al., 2006; Liu et al., 2008) . The most obvious symptom of Cd toxicity is a reduction in plant growth due to an inhibition of photosynthesis, respiration, and nitrogen metabolism, as well as a reduction in water and mineral uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000; Shukla et al., 2003; Sobkowiak and Deckert, 2003) .
At the genetic level, in both animals and plants, Cd can induce chromosomal aberrations, abnormalities in
Grapevine rupestris stem pitting-associated virus (GRSPaV) is a member of the genus Foveavirus, family Betaflexiviridae, associated with rupestris stem pitting (RSP), a disorder of the rugose wood (RW) complex (Martelli, 1993) . In grapevine (Vitis spp.), RW is a widespread viral disease complex, characterized by alterations in the plant woody cylinder, and distinguished as four different syndromes, which can be identified by graft inoculation to indicator vines: RSP, Kober stem grooving, LN33 stem grooving, and corky bark (Martelli, 1993) . RSP is characterized by pitting symptoms on the woody cylinder below the graft union on the Vitis rupestris cv. St George indicator. GRSPaV is usually found in Vitis vinifera L. cultivars in a latent state; several distinct variants have often been identified in infected grapevine scions, while a single variant with more sequence homogeneity has been detected in rootstock varieties (Meng et al., 2006) . This could be the result either of separate introductions of different GRSPaV variants in the same V. vinifera plant through grafting with different propagating materials from distant viticultural areas or of natural viral genome mutations. Meng et al. (2006) suggested a nomenclature for grouping GRSPaV variants into four lineages: GRSPaV-1, GRSPaV-SG1, GRSPaV-BS, and GRSPaV-VS, based on the presence of a specific reference isolate within each group, and characterized by different symptoms on the indicators. Infection with strain GRSPaV-SG1 is asymptomatic; strain GRSPaV-1 causes only mild symptoms in V. rupestris (Meng et al., 2005) . In addition, some GRSPaV strains are shown to have a close association with vein necrosis in 110 Richter (V. rupestris×V. berlandieri) (Bouyahia et al., 2005) and Syrah decline (Lima et al., 2006) , even though their role in the latter disease is yet to be resolved (Goszczynski, 2010) .
GRSPaV is the most prevalent among grapevine viruses, and can be spread via vegetative propagation, grafting, and possibly through seeds, but no biological vectors have been reported (Meng and Gonsalves, 2003) . Moreover, it is particularly difficult to eliminate GRSPaV by traditional sanitation techniques (i.e. meristem tip culture and thermotherapy) and, accordingly, it is often associated with other viral entities.
In plants, a systemic viral infection (also for compatible interactions) always relies on complex molecular interactions between the invading virus and the host plant, where the virus recruits several host proteins and metabolites for the translation and replication of its genome (Whitham et al., 2003) . Over the years, many authors have analysed global gene expression changes in several plant-virus interactions (Whitham et al., 2003; Babu et al., 2008; Baebler et al., 2009) . However, these studies were principally concerned with viruses infecting herbaceous species with a clear symptomatology in the host. Plant-virus interactions in woody perennial plants, such as grapevine, in some cases showed more complex transcriptomic responses on the basis of the different biology and the long life cycle of the host (Espinoza et al., 2007a; Vega et al., 2011) . To date, the molecular interactions between GRSPaV and grapevine are largely unknown, and little has been reported on the agronomic effects of this virus. Reynolds et al. (1997) described a few or no negative impacts on yield components in GRSPaV-infected plants; however, the health status of the grapevines analysed in this work was not clear. In subsequent reports, GRSPaV was always associated with other viruses that cause symptomatic infections (Komar et al., 2010) .
In this communication, the results obtained by applying global gene expression analyses combined with physiological and agronomic studies in grapevine infected by GRSPaV, in order to identify the molecular and physiological changes triggering the host response to this virus, are discussed. This study shows the existence in grapevine of some original responses against this widespread virus, never reported before for other plant-virus interactions.
Materials and methods

Plant material
The study was carried out in a vineyard planted in 2002 in Albenga (Liguria), North-West Italy, where a row was established with the white grape cultivar 'Bosco' (V. vinifera L.). Vines were grafted onto 1103 P rootstock, spaced 2.10 m between rows and 1.00 m between plants for a total plant density of ~4700 vines ha -1 . Vines were vertically trained and one-cane pruned (Guyot), leaving 12 buds per vine.
All 'Bosco' plants were derived by vegetative propagation from a single mother plant originally infected by Grapevine virus A (GVA), Grapevine leafroll-associated virus-1 (GLRaV-1), Grapevine leafrollassociated virus-3 (GLRaV-3), and GRSPaV, and further subjected to sanitation. The in vitro thermotherapy and meristem tip culture sanitation techniques successfully eliminated most of the viruses present in the mother vine, but they did not provide satisfactory results in the eradication of GRSPaV, leaving some lines still infected by the virus.
The sanitary status of all 'Bosco' plants in the vineyard was tested in 2010 by multiplex RT-PCR to detect nine viruses that commonly infect grapevine in Italy and in other viticultural countries: Arabis mosaic virus (ArMV), Grapevine fanleaf virus (GFLV), Grapevine virus B (GVB), Grapevine fleck virus (GFkV), GLRaV-1, GLRaV-2, GLRaV-3, GVA, and GRSPaV. The multiplex RT-PCR analyses were repeated in 2011 to confirm the sanitary status of the plants selected for the trial.
Physiological and agronomical parameters
Twelve vines in the same row, six GRSPaV-free and six GRSPaVinfected (two replicates of three plants each), were selected in order to carry out experimental observations during the growing season in 2010 and 2011. Eco-physiological parameters were registered in different phenological phases according to the E-L System modified by Coombe (1995) : berry setting (E-L27), pea sized berries (E-L31), véraison (E-L35), and harvest (E-L38). During summer 2010, the main physiological parameters, namely photosynthetic rate (P n ), transpiration rate (E), stomatal conductance (g s ), and substomatal CO 2 concentration (c i ), were monitored by a portable infra-red gas analyser ADC-LCpro+ system (ADC Bioscientific Ltd, Hoddesdon, UK), whereas leaf chlorophyll content was measured using a non-destructive portable chlorophyll meter SPAD-502 (Konica Minolta, Tokyo, Japan). Physiological data were registered from 12 am to 4 pm on six leaves (three basal and three apical) per plant in E-L31 (31 July 2010) and E-L35 (20 August 2010) phases. These physiological measurements were repeated in 2011 on the same vines, but data were collected at four stages: E-L27 (14 June 2011), E-L31 (14 July 2011), E-L35 (2 August 2011), and E-L38 (25 August 2011).
During the 2010 and 2011 vegetative growth periods, some relevant agronomic parameters were determined for each vine: bud burst index (Eynard et al., 1978) and shoot fertility (number of inflorescences/ shoot) in the spring, and yield, number of bunches, as well as the average weight, length, and width of both bunches and berries at harvest. Average bunch data were derived by counting and weighing all the harvested bunches, while biometric berry data were measured on a sample of 120 berries for plants of each sanitary status. The grapes of every single vine were separately crushed and, on the obtained must, the main ripening parameters (total soluble solids, °Brix; titratable acidity, g l -1 ; and pH) were measured according to the methods of the International Organization of Vine and Wine (http://www.oiv.int/oiv/info/frmethodesinternationalesvin). Physiological and agronomic data collected over these two years were statistically analysed by applying the analysis of variance (ANOVA) F-test.
Microarray experiment and data analysis
Microarray analysis was carried out on RNA extracted from leaves, petioles, and berries collected at véraison (E-L35) in 2010. From each of the six GRSPaV-free and six GRSPaV-infected vines selected for the evaluation of physiological and agronomic parameters, six leaves (three basal and three apical) with petioles and 12 berries from three different bunches were collected. Samples from each organ were arbitrarily pooled into three independent biological replicates and total RNA was extracted according to the method described by Gambino et al. (2008) .
RNA quality and quantity were determined using both the Nanodrop (Nanodrop 2000, Thermo Scientific, Wilmington, DE, USA) and the Bioanalyzer (2100 Bioanalyzer, Agilent, Santa Clara, CA, USA) instruments. cDNA synthesis, labelling, hybridization, and washing were performed according to the NimbleGen Arrays User's Guide (V 3.2). Each hybridization was carried out on a NimbleGen microarray 090818 Vitis exp HX12 (Roche, NimbleGen Inc., Madison, WI, USA), representing 29 549 predicted genes on the basis of the 12X grapevine V1 gene prediction version (http://srs.ebi.ac.uk/). The chip probe design is available at: http://ddlab.sci.univr.it/FunctionalGenomics/.
Microarray chips were scanned using the Axon GenePix 4400 A scanner at 532 nm (Cy-3 absorption peak) and GenePix Pro7 software (Molecular Devices, Sunnyvale, CA, USA), according to the manufacturers' instructions. Images were elaborated using the NimbleScan v2.5 software (Roche), which produces Pair Files containing raw signal intensity data for each probe and Calls Files with normalized expression data derived from the average of the intensities of the four probes for each gene. All microarray expression data are available at GEO under the series entry GSE36632.
A Pearson correlation analysis was carried out to evaluate the robustness of the three biological replicates for each sample (R software). A significance analysis of microarray (SAM; Tusher et al., 2001 ) was implemented using the TMeV software (http://www.tm4.org/mev), with a false discovery rate (FDR) of 1%. Differentially expressed genes were selected for each comparison among those contemporarily significant at the 'between-subjects' t-test and at the fold change threshold applied. Three separate tests were then conducted among each sample group (leaf, petiole, and berry) against its own control (by the TMeV software), setting a P-value based on the t-distribution and without correction (P-value < 0.01). For all experiments, the corresponding gene expression data were pre-evaluated, in order to assess the prerequisite of normal distribution (R software). Annotations of significant differentially expressed probes were checked and updated by a query of the corresponding nucleotide sequence retrieved from the 12X grapevine V1 gene prediction database (http://srs.ebi.ac.uk/) against the UniProt/ TrEMBL protein database (Viridiplantae match), applying the blastx algorithm with a minimum significance value (e-value) of 1e -10 and using the software Blast2GO v.2.5.0 (www.blast2go.org/). For each organ, probes were functionally annotated following the Gene Ontology (GO) classification (www.geneontology.org), using the GO mapping step of Blast2GO software. GO terms of differentially expressed probes were thus grouped into higher order functional categories. The homogeneity of frequencies of hits falling in the functional categories was tested using a χ 2 test.
Real-time RT-PCR
Validation of microarray data was carried out in biological triplicates on the same RNA samples subjected to microarray analysis. Primers (Supplementary Table S1 available at JXB online) were designed by the Primer Express ® 3.0 software (Applied Biosystems, Foster City, CA, USA) and qRT-PCRs were performed using the PowerSYBR Green master mix (Applied Biosystems), as previously described (Gambino et al., 2011) . Four endogenous housekeeping genes, actin (Act), ubiquitin (Ubi) (Gambino et al., 2011) , glyceraldehyde-3-phosphate-dehydrogenase (GAPDH), and elongation factor 1-α (EF1-α) (Reid et al., 2006) , were considered for use in qRT-PCR after analysis of gene expression stability in the geNorm software (Vandesompele et al., 2002 ; http:// medgen.ugent.be/~jvdesomp/genorm/). The geometric mean of the expression ratios of the two most stable housekeeping genes were used as the normalization factor for all samples. Specific annealing of primers was controlled on dissociation kinetics performed at the end of each qRT-PCR run. Gene expression was determined as the mean, and standard errors were calculated over all biological and technical replicates.
Molecular responses of 26 selected genes were analysed in GRSPaVinfected grapevines in 2011. qRT-PCR was carried out on berries taken from the same four phenological phases considered for physiological measurements, while for leaves and petioles, in addition to these phases, a precocious stage was included, where inflorescences were well developed with single separated flowers (E-L17; 11 May 2011) (Coombe, 1995) .
Relative quantification of GRSPaV genomes was carried out on each organ for all the phenological phases using primers designed on viral RNA-dependent RNA polymerases (RdRps) to exclude the amplification of subgenomic mRNAs (Supplementary Table S1 at JXB online) and following the same qRT-PCR parameters reported above.
Results
GRSPaV concentration in infected grapevines
During the preliminary phase of the work, both grapevines infected by GRSPaV (but negative for other viruses) and plants negative for nine viruses commonly infecting grapevine were identified by multiplex RT-PCR. GRSPaV concentrations in leaf and petiole were roughly similar during 2011, although the virus was more concentrated in petioles at the beginning of the season (E-L17, 11 May 2011) (Fig. 1) . Surprisingly, in all the samples collected in 2011, the highest levels of viral RNA were detected in berries and, in particular, in young berries (E-L27, 14 June 2011). Although the differences between the organs were maintained between the two years (viral RNA was always more concentrated in the berry), at véraison 2010, the virus was ~10 times more concentrated than at each stage analysed in 2011 ( Fig. 1 ).
Physiological and agronomic performance of GRSPaVinfected grapevines
In 2010, chlorophyll content ( Fig. 2A ) and P n ( Fig. 2B) were significantly lower in GRSPaV-infected plants at the end of the season. As expected, c i ( Fig. 2C ) was higher at the E-L31 stage (31 July 2010) and was related to a decrease in P n rates. In 2011, the trend of physiological responses was similar to that observed the previous year; statistically significant differences were found only in some cases. In infected plants, gas exchange measurements confirmed the negative effect of the virus on P n rates at harvest (E-L38, 25 August 2011) ( Supplementary Fig. S1B at JXB online); g s ( Supplementary Fig. S1D ) and E ( Supplementary  Fig. S1E ) values increased in GRSPaV-free grapevines, whereas leaf chlorophyll content was very similar between the GRSPaVinfected and GRSPaV-free plants ( Supplementary Fig. S1A ).
In terms of agronomic and qualitative traits, the results collected during the two vintages showed similar trends (Table 1) . In particular, yield was favoured in uninfected plants, although only the 2010 data were statistically significant. In 2011, differences in both yield and sugar content were less evident; however, the effect of virus infection in reducing the dimension of bunches and berries was clearly confirmed.
Microarray analysis
A comparative microarray analysis was carried out on infected and GRSPaV-free samples collected at véraison in 2010. A multiclass comparison analysis was first performed by applying SAM with an FDR of 1%: 24 902 genes modulated were identified in at least one comparison. Three independent t-tests were carried out for each organ to identify among these genes the expression profiles with the greatest contribution to specific tissue responses. Thus 877 genes were found in leaf, 596 in petiole, and 233 in berry, showing significant expression changes in GRSPaV-infected grapevines compared with their respective control ( Fig. 3 ; Supplementary Table S2 at JXB online).
Differentially expressed transcripts were grouped in 11 functional classes, on the basis of the specific biological process in which they were involved, by following the GO classification. In response to GRSPaV, the modulation of gene expression was highly variable between petioles, leaves, and berries (Fig. 4) , and no modulated transcripts were shared among the three organs (Fig. 3) .
Global gene expression changes in GRSPaV-infected petioles
In petioles, GRSPaV induced a general up-regulation of genes involved in the cytoskeleton structure, such as microtubules and , and (E) transpiration (E) in GRSPaV-free (white columns) and GRSPaV-infected (black columns) grapevine leaves. Measurements (n=36) were taken during two phenological periods: pea sized berries (E-L31) and véraison (E-L35) 2010. Bars are the standard error of the mean. Asterisks show significant differences between infected and GRSPaV-free leaves (P < 0.05).
microfilaments. Interestingly, a gene encoding cyclin delta-3 (CYCD3;1, VIT_18s0001g09920), which mainly drives the transition from G 1 to S phase in the cell cycle, was down-regulated. An overall up-regulation of transcripts linked to nucleic acid metabolism, regulation of transcription, and several genes encoding methyl-CpG-binding domain-containing proteins (MBD, VIT_07s0104g00770) and histone deacetylases (HDAC, VIT_07s0141g00150) was also found (Table 2; Supplementary  Table S2 at JXB online).
Carbohydrate metabolism was modified through the up-regulation of some genes linked to glycolysis and, in parallel, through a decrease in the pentose phosphate pathway. Only a few genes involved in defence response were modulated, and some of them (enhanced disease resistance, NBS class of disease resistance proteins) were down-regulated. However, several transcripts involved in stress [heat shock proteins (HSP), reactive oxygen species (ROS)], senescence [senescence-associated gene 101 (SAG101, VIT_14s0066g01810)], transport, signal transduction, and hormone metabolism were up-regulated (Supplementary  Table S2 at JXB online).
A general activation of genes responsible for the transport of molecules across cell membranes, and signal transduction processes (Ser/Thr protein kinases) was observed. Hormone metabolism was also altered, with an increase in ethylene gene transcription [1-aminocyclopropane-1-carboxylate oxidase (ACO, VIT_00s2086g00010)] and a repression of genes linked to the auxin pathway. Among the transcripts involved in secondary metabolism, several genes linked to terpenoid and phenylpropanoid biosynthesis were positively modulated (Table 2;  Supplementary Table S2 at JXB online).
Global gene expression changes in GRSPaV-infected leaves
In leaves, responses to GRSPaV infection dramatically changed in comparison with the metabolic reactions observed in petioles, since a general down-regulation of the main functional gene categories was also observed (Fig. 4) .
The up-regulation of transcripts coding for the senescenceinducible chloroplast stay-green protein 2 (SGR2, VIT_18s0001g 01210), of the ribulose bisphosphate carboxylase/oxygenase activase (Rubisco activase, VIT_13s0019g02050), and of several chloroplastic isoforms of genes tied to the Calvin cycle: fructose 1,6-bisphosphatase (FBPase, VIT_08s0007g01570), glyceraldehyde-3-phosphate dehydrogenase (GAPDH chl, VIT_ 14s0068g00680), and fructose-bisphosphate aldolase (FBA, VIT_03s0038g00670) was observed (Table 2) .
Moreover, within the Calvin cycle, the expression of genes involved in glycolysis, in the pentose phosphate pathway, and in the tricarboxylic acid (TCA) cycle was negatively modulated (Supplementary Table S2 at JXB online). Starch metabolism was positively influenced through an increase in starch synthase transcription (VIT_02s0025g02790). Many genes typically related to defence reactions were down-regulated (e.g. thaumatins, chitinases, patatins, pathogenesis-related proteins, the NBS-LRR class of disease resistance proteins, EDS, β1-3 glucanase). Signal transduction was strongly down-regulated; ~50 genes encoding protein kinases were repressed. Transcripts linked to ethylene (such as many ERF genes, e.g. VIT_07s0031g00710), cytokinins, gibberellins (gibberellin 20 oxidase 2, VIT_18s0001g01390), abscisic acid [9-cis-epoxycarotenoid dioxygenase (NCED, VIT_02s0087g00930] , and jasmonate (12-oxophytodienoate reductase 2, VIT_18s0041g02270) biosynthetic pathways were activated, while other genes linked to auxin signalling were repressed. In the secondary metabolism category, genes for terpene, flavonol, and lignin biosynthesis were up-regulated, although several transcripts encoding phenylalanine ammonialyase (PAL, VIT_16s0039g01300) were repressed.
Global gene expression changes in GRSPaV-infected berries
In infected berries at véraison, a limited number of genes were modulated, with a general down-regulation of the main functional categories ( Fig. 4; Supplementary Table S2 at JXB online).
The functional class of genes related to responses to stress and disease showed the highest number of modulated genes. Surprisingly, 93% of them, such as several HSP genes, PR1, and the β1-3 glucanase gene, were down-regulated. In addition, some genes linked to senescence (SAG101, VIT_05s0077g01720), ROS detoxification [peroxidase (POX), VIT_06s0004g01180 and glutathione S-transferase (GST), VIT_16s0039g01070], as well as ethylene and jasmonate signalling, were downregulated. Interestingly, the up-regulation of Argonaute 2 (AGO2, VIT_10s0042g01180), a gene involved in RNA silencing processes, and the down-regulation of the HT3 gene (VIT_05s0020g03140), which encodes a hexose transporter in the berry during ripening, were detected.
Validation of microarray data by qRT-PCR
Expression changes in 42 genes, selected among the most interesting ones from microarray experiments, were quantified in leaf, petiole, and berry samples by qRT-PCR. The results were calculated as expression ratios (relative quantity, RQ) between GRSPaV-infected and uninfected organs. Four reference genes (GAPDH, EF1-α, Act, and Ubi) were analysed using the geNorm algorithm to evaluate their expression stability in GRSPaVinfected and GRSPaV-free samples, and ranked according to their expression stability measure M (Vandesompele et al., 2002) . Act and Ubi were shown to have the lowest M values, indicating that these two genes showed high expression stability in all samples ( Supplementary Fig. S2 at JXB online). Despite the modulation of several genes involved in cytoskeleton formation in both petiole and leaf samples, the Act gene used as a housekeeping gene was not influenced by GRSPaV and was used with Ubi for qRT-PCR normalization.
The main trends resulting from the microarray analyses were confirmed for all the transcripts analysed by qRT-PCR. The correlation between expression values obtained by qRT-PCR and microarray was good (R 2 =0.79) and highly significant (P < 0.01), as attested to by the linear regression analysis performed ( Supplementary Fig. S3 at JXB online).
Gene expression changes monitored in GRSPaVinfected grapevines at different phenological stages
Molecular responses to GRSPaV infection in grapevine were also analysed in 2011. Among the 42 significantly modulated genes validated by qRT-PCR, 26 genes were selected and their expression was quantified by qRT-PCR at five (four for berry) different developmental stages. Results obtained from 2010 and 2011 véraison (E-L35) qRT-PCR experiments were compared, in order to look for any differences in gene expression regulation between the two years. As no significant changes were observed, it was concluded that the gene expression trends Table S4 at JXB online). Four key genes involved in photosynthesis and chlorophyll degradation [Rubisco activase, light-harvesting complex (LHCII), VIT_19s0014g00160, SGR2, and accelerated cell death 1 (ACD1), VIT_06s0004g00610] showed similar trends of expression in 2011. In infected leaves in comparison with GRSPaV-free organs, a strong up-regulation of these genes was observed at the beginning of the season (E-L17, 11 May 2011) ( Fig. 5; Supplementary Fig. S4 at JXB online) . Likewise, the chloroplastic FBPase, GAPDH, and FBA had at least 2-fold overexpression at the beginning of the season (E-L17) compared with GRSPaV-free leaves, while their expression collapsed in infected tissues at harvest ( Fig. 5; a Supplementary Fig. S4 ). In uninfected plants, the expression of FBPase and GAPDH chl underwent a reduction of ~20% between the beginning (E-L17) and the end (E-L38) of the season, whereas in infected grapevines, this reduction was more significant (~90%). In addition, the expression of these genes was well correlated (0.80 < R 2 < 0.88) with the GRSPaV concentration quantified in leaves ( Supplementary Fig. S5 ).
The starch synthase gene was generally up-regulated in infected leaves compared with GRSPaV-free organs, while the hexose transporter gene HT3 was down-regulated, in particular at the E-L38 stage: the transcript levels were 60% lower than in GRSPaV-free berries (Fig. 5) .
The β1-3 glucanase gene was down-regulated in GRSPaVinfected leaves, in comparison with uninfected organs, at the E-L17 stage and at the end of the season (Fig. 5) . In addition, the gene expression level showed a good correlation (R 2 =0.91) with GRSPaV concentration at all the different stages analysed ( Supplementary Fig. S6 at JXB online). In GRSPaV-free berries, the expression trend of β1-3 glucanase was strongly increased at véraison and harvest, while in infected berries the increase of β1-3 glucanase at the end of the season was less evident: the transcripts were at least 3-fold underexpressed compared with GRSPaV-free organs (Supplementary Fig. S4 ).
Variable expression during the season was observed for genes involved in secondary metabolism [PAL; chalcone synthase (CHS), VIT_05s0136g00260; MybPA1, VIT_15s0046g00170; MybA3, VIT_02s0033g00450; and NCED], and for those linked to ROS detoxification [catalase (CAT3), VIT_18s0122g01320; dehydroascorbate reductase (DHAR), VIT_00s0317g00050; and POX] (Fig. 5; Supplementary Fig. S7 at JXB online) . The senescence-associated gene SAG101 was up-regulated in infected leaves, in particular during the berry setting phase (E-L27).
In infected leaves and berries, at véraison, and in particular at harvest, a strong up-regulation of AGO2 compared with GRSPaV-free organs was observed. In addition, in uninfected grapevines, at the first three developmental phases analysed, AGO2 was at least 3-fold overexpressed in petioles and leaves compared with berries (Fig. 6) . In all three organs (petioles, leaves, and berries), the expression levels of this gene were very different and seemed to be inversely related to GRSPaV concentrations ( Supplementary Fig. S6 at JXB online).
Discussion
During two consecutive years, physiological and agronomic performances together with molecular changes occurring in grapevine plants infected by GRSPaV were analysed. In particular, it was shown that infection with this virus, though not symptomatic, induces strong metabolic changes in V. vinifera cv 'Bosco', an Italian white grape variety. As reported by Terlizzi et al. (2010) , the isolate of GRSPaV present in this clone clustered in the GRSPaV-1 lineage (Meng et al., 2006) , and its uneven distribution within the organs was observed, both among different phenological phases and between the two years considered. Viral levels were interestingly higher in berries, whereas other grapevine viruses, such as GLRaV-3, are generally more concentrated in leaves . The specific cellular localization of GRSPaV is still unknown, although its spread occurs in all the plant tissues. It can thus be assumed that viral particles follow phloem flow, especially toward the berry, the most important sink in grapevine. The lower concentration of virus measured in 2011 could be related to differences in climatic conditions between the two years, such as warmer temperatures in May and August 2011, which led to faster growth rates and an early harvest, and a cooler climate in July 2011 ( Supplementary Fig. S8 at JXB online). These climatic conditions could have also been responsible for the 'year-effect' observed in physiological and agronomic performances of infected grapevines. The GRSPaV-free grapevines showed an overall moderate improvement in yield associated with better leaf physiological efficiency. However, the decrease in physiological performance induced by GRSPaV infection was less relevant than what has been observed in other grapevine-virus combinations. For instance, in GRSPaV-infected plants P n decreased by ~15%, while it is generally reduced by 30% in 'Dolcetto' grapevines infected by GLRaV-3 (Mannini et al., 2012) , 45% in 'Malvasia' infected by GLRaV and GFLV (Sampol et al., 2003) , and up to 60% in 'Nebbiolo' infected by GLRaV-3 and GVA (Guidoni et al., 1997) . Since the P n data did not seem in agreement with the leaf chlorophyll content measured (in particular in 2011), it is conceivable that infection of grapevines impairs photosynthesis by lowering their carboxylation capacity and mesophyll conductance to CO 2 , as has previously been reported by Sampol et al. (2003) .
Transcriptomic changes in GRSPaV-infected grapevines
The molecular changes induced by GRSPaV in grapevine were initially investigated at 2010 véraison by microarray analysis. Since this virus does not induce macroscopic alterations in V. vinifera, véraison was chosen as the best time for sampling because only at the end of the season was observed a moderate decrease of photosynthetic efficiency in infected plants. However, a variation in gene expression among phenological phases was recorded in 2011. The 26 target genes analysed showed variable regulation particularly at the beginning of the season (E-L17, 11 May 2011), corresponding to higher virus accumulation, and at harvest (E-L38, 25 August 2011), when senescence begins parallel to several metabolic changes triggered by GRSPaV. The discussion focuses essentially on microarray data at véraison. Anyway, it is conceivable that in other phenological phases the grapevine response to this virus could be different for some classes of genes, and further investigations are necessary to provide a complete overview of the interactions between GRSPaV and V. vinifera.
Photosynthesis and carbohydrate metabolism in GRSPaV-infected grapevines
The metabolic alterations induced by GRSPaV in infected leaves at véraison caused a reduction in P n in the absence of environmental limitation; thus, the infected grapevine attempted to increase P n rates by inducing genes involved in photosynthesis and CO 2 fixation. Rubisco activase is a key regulator of photosynthesis and its up-regulation typically enhances photosynthetic efficiency by directly increasing the amount of Rubisco activated for CO 2 fixation (Parry et al., 2003) . The increased expression of some genes linked to the Calvin cycle, such as chloroplastic GAPDH, FBA, and in particular FBPase, could probably be interpreted as a mechanism to restore ribulose-1,5-bisphosphate (RuBP) upon stress conditions, thus further favouring the initial activity of Rubisco (Tamoi et al., 2006) . However, the up-regulation of these genes was not sufficient to drive an overall increase in P n in infected plants. Evidence for similar responses has previously been reported by Baebler et al. (2009) , who showed a transient increase in photosynthesis-related gene expression immediately after Potato virus Y (PVY) inoculation in potato.
Interestingly, in young infected leaves (E-L17, 11 May 2011), the genes involved in the Calvin cycle were strongly up-regulated, probably to support viral replication and spread throughout the newly formed organs. In addition, both GAPDH isoforms (cytosolic and chloroplastic) analysed in infected leaves showed highly variable expression during some developmental stages. Therefore, in the presence of GRSPaV, this gene should not be used as a housekeeping gene for qRT-PCR experiments ( Supplementary Fig. S2 at JXB online).
Virus infections have a large stimulatory effect on respiration rates and efficiency of the oxidative pentose phosphate pathway, glycolysis, and the Krebs cycle (Técsi et al., 1996; Whitham et al., 2003; Espinoza et al., 2007a; Babu et al., 2008) . These alterations are frequently associated with the presence of disease symptoms, such as chlorosis. In the leaves of GRSPaV-infected grapevines, the genes involved in all these pathways were downregulated or not modulated at véraison. The lack of visible symptoms in GRSPaV-infected grapevines could be related to a decrease in primary metabolism.
The expression of SGR2 and ACD1 seemed strictly related to chlorophyll turnover in grapevines, probably due to the lack of chlorotic symptoms in infected leaves. SGR genes encode members of a family of chloroplast-located proteins, the activity of which is considered to be a prerequisite for both chlorophyll and apoprotein degradation (Hörtensteiner and Kräutler, 2011) . Chlorophyll degradation causes the production of extremely phytotoxic light-absorbing chlorophyll breakdown products (porphyrin compounds), which precipitate plant cell death (PCD). ACD may control these products: transgenic Arabidopsis plants expressing high levels of ACD show increased tolerance to infection by Pseudomonas syringae, with a reduction in disease symptoms, without affecting the growth of bacteria (Mach et al., 2001) . It is suggested that, in GRSPaV-infected grapevines, the activation of ACD1 could hinder the effects of SGR2 by reducing the PCD and contributing to the absence of chlorotic symptoms in infected leaves.
GRSPaV infection down-regulates the transcription of defence-related genes in grapevine
The down-regulation of many genes involved in the defence response was another surprising result observed in grapevines infected by GRSPaV. Among these genes, the focus was on β1-3 glucanase in particular. Higher expression of β1-3 glucanase was measured by global gene expression analysis in several virus-infected plants (Whitham et al., 2003; Espinoza et al., 2007a; Ascencio-Ibanez et al., 2008; Babu et al., 2008; Baebler et al., 2009) , whereas a down-regulation was observed here in both leaf and berry samples, corresponding to high levels of GRSPaV. In the past, Beffa and Meins (1996) demonstrated that tobacco mutants deficient in the β1-3 glucanase gene showed a huge reduction in Tobacco mosaic virus (TMV) disease symptoms, suggesting that this decreased susceptibility to the virus was a consequence of the increased deposition of callose. In grapevine infected by GRSPaV, the downregulation of β1-3 glucanase could be linked to the absence of macroscopic symptoms.
In GRSPaV-infected tissues (in particular in berries), increased expression of AGO2 was found. Recent studies have demonstrated that AGO2 has an antiviral role in Arabidopsis against Turnip crinkle virus (TCV), Cucumber mosaic virus (CMV) (Harvey et al., 2011; Wang et al., 2011) , and Potato virus X (PVX) , and in Nicotiana benthamiana against Tomato bushy stunt virus (TBSV) (Scholthof et al., 2011) . To date, no study is available on the role of AGO proteins in grape antiviral silencing. Nevertheless, the organs with basal high AGO2 expression (petioles and leaves) had limited GRSPaV concentrations compared with young berries. According to Harvey et al. (2011) , who found that the loss of AGO2 in Arabidopsis mutants had a drastic effect on TCV and CMV symptoms, with a limited effect on viral accumulation, similar reactions in GRSPaV-infected grapevines can be hypothesized. These observations may represent a starting point for future studies aiming to understand the function of AGO2 in grapevine.
Overlap between the response to GRSPaV and abiotic stresses
Some effects observed in plants infected by viruses are linked to more general responses against several stresses and to metabolic changes occurring at specific plant developmental stages. In grapevines infected by GLRaV-3, an overlap between leaf senescence and plant responses to the virus has already been demonstrated (Espinoza et al., 2007b) . This overlapping response was also found in GRSPaV-infected grapevines, although this association was less clear, in particular in infected leaf and berry tissues, where some genes linked to senescence were repressed. The transcripts of SAG101, which plays an important role in senescence processes, in the present 2011 time course analysis increased in the leaves and petioles of infected plants corresponding to the time of berry setting (E-L27, 14 June 2011). In addition, in this phase, β1-3 glucanase increased, while CYCD3;1 and the Calvin cycle genes (chloroplastic FBPase, GAPDH, and FBA) decreased ( Fig. 5; Supplementary Fig. S4 at JXB online). It is hypothesized that these responses could be related to the climatic conditions occurring in the vineyard at the specific moment when samples were collected for the E-L27 stage. During the day of explant collection (14 June 2011), there was a reduction in temperature associated with light rain, and the same happened on the previous 10 d (Supplementary Fig. S8 ). These slightly less favourable environmental conditions could have induced the expression of some senescence genes in infected plants and at the same time decreased the expression of genes linked to the cell cycle and CO 2 fixation. Thus, GRSPaV-infected grapevines seem to be more sensitive to environmental changes than uninfected plants, where no significant variation was noticed.
In GRSPaV-infected grapevines, in addition to a partial overlap with senescence, a correlation between responses to water deficiency and salinity stresses was observed. Cramer et al. (2007) analysed transcriptomic changes in grapevines subjected to a gradual application of both these abiotic stresses, and for some of these genes (i.e. Rubisco activase, FBA, photosystem II reaction centre, CAT, nitrate and sulphate transporters, aquaporins, NAC transcription factor, gibberellin oxidase, NCED, ACO, and 12-oxophytodienoate reductase 2) the same modulation was observed in the plants infected by GRSPaV. For the first time in woody plants, to our knowledge, a significant overlap in cellular responses between abiotic stresses, such as water deficiency and salinity, and viral attack has been shown.
Conclusion
The differences in responses to infection observed between several systemic viruses and GRSPaV could be related to a form of adaptation and co-evolution between grapevine and the latter virus, which has been hypothesized to have co-existed with grapevine for a long period of time (Meng et al., 2006) . AgudeloRomero et al. (2008) , in an interesting evolutionary experiment on Tobacco etch virus (TEV) in Arabidopsis, showed that the evolved virus triggers a different plant transcriptomic pattern compared with ancestral TEV. In particular, genes involved in stress and pathogen responses are not activated in the presence of the evolved virus, suggesting that natural selection has favoured viral strategies to evade host defences. Grapevine is a vegetatively propagated species that, once infected with GRSPaV, remains infected throughout its lifetime, and the virus is transmitted to vegetative progeny. The long co-existence of grapevine and GRSPaV and the absence of a biological vector, associated with frequent errors in genome replication induced by the lack of proofreading activity in viral RdRp, may have resulted in the evolution of less severe viral infections with slight alterations in the host genome.
It would be interesting to verify the molecular responses induced by GRSPaV in other symptomatic Vitis spp. and, considering the high variability of the GRSPaV population, the effects of other strains in V. vinifera. These observations should be carefully considered in future programmes of clonal selection.
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